Temperature dependence of logarithmic decrement was measured in Mg-9Al-1Zn alloy. The developed internal friction peak was found while heating in the vicinity of 320 • C. Position and height of this peak in the temperature scale depends on the heating rate. Simultaneously microstructural observations were performed in the selected points of the temperature scale. SEM revealed discontinuous precipitates at lower temperature which converted at higher temperatures into continuous precipitates. Possible internal friction mechanism is discussed. K e y w o r d s : magnesium alloy, internal friction, precipitation, SEM
Introduction
Mg-Al-Zn alloys belong to the most used magnesium materials. Although precipitation phenomena in these alloys have been investigated extensively, there are still phenomena which are not clear enough. The majority of the research has been concentrated on age hardening [1] [2] [3] . Precipitation processes may be studied using standard imaging techniques. On the other hand the connection between microstructure changes and physical quantities such as electrical resistivity, internal friction or positron annihilation can be used. Research of precipitation on damping characteristics has been studied in several studies [4] [5] [6] . Precipitation exhibits different effects on internal friction of the alloys and the correlation between internal friction and precipitation has been considered to be quite complex [7] .
Microstructure of an Mg-Al alloy according to the binary equilibrium diagram consists of δ solid solution of Al in Mg and γ-Mg 17 Al 12 (called also β) precipitation phase. This phase exhibits bcc structure with the lattice parameter of 1.05438 nm [8] . Morphology of γ-precipitates may be changed using different thermal treatment [9] . Commercial ternary alloys Mg-Al-Zn *Corresponding author: tel.: +420 221911658; fax: +420 221911490; e-mail address: ztrojan@met.mff.cuni.cz exhibit no new phases when the Al to Zn ratio is larger than 3 : 1 [2] . In this case, ternary compounds as Mg 17 Al 11.5 Zn 0.5 or Mg 17 (Al,Zn) 12 are formed [10, 11] . During the ageing process, γ phase is formed in two modifications: the discontinuous (DP) and continuous (CP) precipitates. Xu and co-workers showed that the Mg 12 Al 12 DP may effectively prevent the grain growth during the grains refinement via dynamic recrystallisation [9] . Commercial AZ91 alloy usually contains 0.2-0.3 wt.% of Mn for the grains refinement. Mn atoms do not enter during the homogenisation treatment into intermetallic compounds with Al (for example Al 8 Mn 5 ) [1] .
Internal friction measurements were used in this study with the aim to give more complex picture of the precipitation process in the AZ91 magnesium alloy. SEM elucidated the thermodynamic processes occurring in the alloy during heating.
Experimental procedure
Gravity cast magnesium alloy AZ91 was used in this study. Chemical composition of the alloy is introduced in Table 1 . Light micrograph of the as cast sample, introduced in Fig. 1a , shows typical dendritic structure characterised by heavy segregation of the alloying elements. Solution treatment T4 (annealing for 22 h at 390 • C and quenching into water of 60 • C) caused total dissolution of the γ phase. The time necessary for the homogenisation of the alloy and formation of supersaturated δ solid solution is relatively long because of slow diffusion rate of Al in Mg in the solid state. Microstructure of the sample after T4 thermal treatment is introduced in Fig. 1b . It is obvious that the dendrites existing in the as cast sample were fully dissolved. Some annealing twins are visible in Fig. 1b . The Resonant Frequency and Damping Analyser (RFDA) was used to determine the damping and resonant frequency. The measurements were performed in a wide temperature interval from room temperature up to 400 • C. The prism shaped samples 75 × 20 × 10 mm 3 were excited to vibrations in the resonant frequency using a small striker. Damping of the sample free vibrations was registered with a microphone and processed using special software. The resonant frequency exhibiting ∼ 8 kHz was estimated by means of Fourier transform. The linear heating rate was chosen in the interval from 1 to 4 K min −1 . Microstructure of as cast and homogenised samples was studied using light microscope NEOPHOT 32. Details of the discontinuous and continuous precipitations were analysed in the scanning electron microscope TESCAN VEGA LMU II.
Experimental results

Internal friction measurements
Temperature dependence of the logarithmic decre-ment measured in the sample after the thermal treatment T4 while heating is introduced in Fig. 2a . The heating rate was 60 K h −1 , the cooling rate was not controlled. The temperature record showed the linear decrease of temperature up to 120-140 • C. When room temperature was reached a new measurement was started. The measurements were repeated three times. From Fig. 2a it is obvious that the decrement is more or less constant up to approximately 220 • C, then it increases with increasing temperature. At temperature ∼ 320 • C a local maximum of the logarithmic decrement is observed. The height of this maximum decreases in the second and third run of the measurement. Observed maximum position in the temperature axis is the same for all runs. Temperature dependence of the logarithmic decrement was measured for three heating rates as it is introduced in Fig. 2b . Note that before each measurement a new T4 thermal treatment was performed. In Fig. 2b only the first runs of the measurements are introduced. The higher heating rate, the higher temperature of the local maximum is observed. The height of the maximum simultaneously decreases with the increasing heating rate. To reveal the physical nature of the observed local maximum in the temperature dependence of the logarithmic decrement, an experiment on the sample with smaller thickness was performed. Maximum position in the temperature scale was not shifted for the measurement with the resonant frequency of ∼ 7 kHz. This fact indicates that observed maximum is not of the Debye type. Some transitory effects must be considered.
Microstructure observations
In the temperature dependence of the logarithmic decrement four characteristic points have been selected: 220, 320, 360 and 390 • C. Samples were subjected to the T4 thermal treatment, then put into the furnace with the predetermined heating rate of 1 K min −1 . Reaching the chosen temperature, samples were step by step removed from the furnace and quenched into water of 60 • C. SEM observations were performed at room temperature.
After heating of the sample with the heating rate of 1 K min −1 up to 220 • C supersaturated solid solution decomposed; DP appeared in the vicinity of Mn (light) particle as it is obvious from Fig. 3a . The lamellae of the DP apparently grow directly from the interface between Mn particle and δ solid solution. DP rises from the grain boundary as it is obvious from Fig. 3b , small precipitates visible as light points are CP, their size slowly increased. Tiny CPs are situated primarily in the annealing twins, the matrix in the vicinity of twins is purified, density of CPs is in these places lower (Fig. 3c) .
When temperature increased up to 320 • C, decomposition of DPs started followed by the growing of CPs ( Fig. 4a ). Original lamellae were reshaped into small discs as it is visible from Fig. 4b . CPs depicts the twin, small discs of CPs are ordered in twin/grain boundar- ies. Detail in Fig. 4c taken from the upper right corner of Fig. 4b shows arrangement of both types of precip- itates. Note that temperature of 320 • C corresponds to the peak temperature in the temperature dependence of decrement.
Microstructure of the sample annealed up to 360 • C (local minimum in the temperature dependence of decrement) is characterised by the growth of CP (Fig. 5a ). Light points are small Mn particles. In the vicinity of grain boundaries purified places were established. Meander-like grain boundaries are decorated with bigger precipitates (Fig. 5b) . Particle size of precipitates in the grain boundary increased (Fig. 5c ), solute atoms were drawn from the surrounding areas. Small discs are reshaped into spheres (or globules).
At 390 • C, the transformation of DP into CP is finished. The CPs decorate the grain boundaries (Fig. 6a) , DP vanished as it is obvious from Fig. 6b and the size of CP increased (Fig. 6c ). From the microstructure observation it is possible to conclude that in the temperature interval from 220 to 360 • C a transformation of DP originally formed up to 220 • C stepwise passed off. Disc shape CP changed into small spheres and at the highest temperatures into bigger particles with the complex shape. Increasing the heating rate, time for the transformation of DP into CP is shorter. It is very probably the reason why the maximum height decreases with the increasing heating rate and at the same time the maximum is shifted to higher temperatures. DPs are formed when the grain boundary diffusion is dominant whereas the CPs are formed at higher temperatures from solid solution when volume diffusion becomes faster.
Discussion
Internal friction, i.e. damping of sonic or ultrasonic waves, is considered as the dissipation of the mechanical energy into thermal energy due to some intrinsic processes in a material. Internal friction is very sensitive to the material microstructure, volume fraction and distribution of structural defects. Any modification in the microstructure induces changes in the internal friction course. Then the internal friction measurements may provide information about processes occurring at the atomic scale [12, 13] . Internal friction in AZ91 alloys was studied by several authors [4, 5, 14] . Lambri and co-workers [14] found the internal friction peak at approximately 152 • C using the measuring frequency of 1 Hz. Authors ascribed this peak to the grain boundary sliding. The peak height may be controlled by the decrease of the solute atoms due to precipitation process. Activation energy estimated from the Arrhenius plot was evaluated as 1.13 eV. Similarly Liu et al. [5] estimated for the internal friction peak situated at 165 • C and frequency of 1 Hz and determined the corresponding activation energy of 1.26 eV. The peak was ascribed to the grain boundary relaxation. Authors of [5] considered that the background of internal friction is influenced by the precipitation in the matrix. Two internal friction peaks were ob- served in [4] . P 1 peak estimated at 165 • C was characterised by the activation energy of 1.31 eV and the high temperature P 2 peak was found to be sensitive to the heating rate and insensitive to the measuring frequency. Authors of [4] ascribed this peak to the viscous sliding at the γ-Mg 17 Al 12 /δ-Mg interphase. Analogous peak to the P 2 internal friction peak was estimated also by Soviarová et al. [15, 16] at 320 • C, frequency of 20.4 kHz and the heating rate of 1 K min −1 . Theoretical models of the internal friction consider that transformations in the solid state may be manifested by internal friction peaks. Damping mechanism can be associated with the kinetics of atoms diffusing to evolving precipitates [18] .
Summarising observed experimental data we may conclude:
-The maximum position in the temperature scale does not depend on frequency;
-The maximum height decreases with increasing frequency;
-The maximum position in the temperature scale depends on the heating rateṪ .
The microstructural observations revealed in the temperature interval of the maximum occurrence the transformation of discontinuous precipitates into continuous.
From this experimental data following internal friction image may be constructed. Observed independence of the maximum position on frequency indicates that the Arrhenius equation does not take place in this case, i.e. the interface relaxation and diffusion processes may be excluded as the reason for the maximum occurrence. From the published data concerning the internal friction maxima, exclusive of some relaxation peaks, no frequency dependence was detected [17] [18] [19] . During the IF measurement, the movable γ-Mg 17 Al 12 /δ-Mg interface consumes the work. This work is proportional to the friction and the movable space of the interface. When a new interface forms, defects (solute atoms, vacancies) diffuse and accumulate in the interface which leads to the gradual pinning of the interface. The movable space is a function of heating time, i.e. the heating rate. The mobile interface stabilises, so that the internal friction decreases.
Conclusions
Internal friction measurements after homogenisation annealing and microstructural observations in the AZ91 magnesium alloy showed these main results:
-Temperature relaxation spectrum of internal friction exhibits developed local maximum at the vicinity of 320 • C. The maximum height decreased in the second and third run while the maximum temperature remained the same.
-Position of the maximum was sensitive to the heating rate and insensitive to the frequency. Increasing the heating rate shifted the peak temperature to higher temperatures.
-Occurrence of the internal friction maximum is connected with the transformation of discontinuous precipitates to continuous ones. Strain (stress) sup-ported movement of the γ-Mg 17 Al 12 /δ-Mg interface is very probably the reason for the absorption of mechanical energy carried by an ultrasonic wave.
